With the aid of numerical experiments we examined the dynamical stability of fictitious terrestrial planets in 1:1 mean motion resonance with Jovian-like planets of extrasolar planetary systems. In our stability study of the so-called "Trojan" planets in the habitable zone, we used the restricted three-body problem with different mass ratios of the primary bodies. The application of the three-body problem showed that even massive Trojan planets can be stable in the 1:1 mean motion resonance. From the 117 extrasolar planetary systems only 11 systems were found with one giant planet in the habitable zone. Out of this sample set we chose four planetary systems-HD17051, HD27442, HD28185, and HD108874-for further investigation. To study the orbital behavior of the stable zone in the different systems, we used direct numerical computations (Lie Integration Method) that allowed us to determine the escape times and the maximum eccentricity of the fictitious "Trojan planets." Key Words: Trojan planets-Exoplanets-Habitable zone-Dynamical astronomy. Astrobiology 5, xxx-xxx.
INTRODUCTION I
N THIS PAPER, WE PRESENT THE RESULTS of a study of the dynamics of hypothetical Earth-like planets with an emphasis on their positions and respect to their "habitable zones" (HZs) [i.e., the region where possible terrestrial planets can have (a) liquid water on the surface and (b) a stable atmosphere (shown in Fig. 1) ]. With regard to terrestrial extrasolar planets in the HZ, it should be noted that we only have observational evidence for gas giants (GGs) with 14 Earth masses (like Uranus) and larger. This is why a study of dynamical stability of possible additional terrestrial planets (planets with a size comparable to Earth) is a hypothetical one. Thus, the question arises as to whether such planets exist in other systems. From the dynamical point of view, there are four possible configurations for terrestrial-like planets in an HZ:
1. The HZ lies outside the orbit of the giant planet. Most of the known GG planets are located very close to their star. From the dynamical point of view, there may exist terrestrial planets with stable orbits within the HZ and sufficiently small eccentricities over time scales long enough to facilitate the development of a biosphere. 2. In the solar configuration, a Jupiter-like planet has moved far enough from its central star to allow additional planets to move closer to the star in stable low eccentric orbits in the HZ. 3. If the GG moves into the HZ there are two possible motion scenarios:
• The satellite configuration. A terrestrial planet that orbits a GG in the HZ could potentially develop a biosphere.
• The Trojan configuration. When a GG moves into the habitable region, a terrestrial Trojan planet may move in a stable orbit around the Lagrangian equilibrium point L 4 or L 5 . Menou and Tabachnik (2003) quantified the dynamical habitability of extrasolar planetary systems in general via simulations of their orbital dynamics in the presence of potentially habitable terrestrial planets. The configuration where HZ lies outside the orbit of the giant planet and the satellite configuration (configurations 1 and 2) have been the subject of a number of investigations (e.g., Dvorak et al., 2003a,b; Érdi and Pál, 2003; Pál and Sándor, 2004) . If the gravitational zone of a GG overlaps with that of a terrestrial planet in the HZ, gravitational perturbation can push the terrestrial planet out of the HZ. For this reason, we focus our work on the dynamical stability of the Trojan configuration (configuration 3, second scenario), in which possible terrestrial planets with a GG have a "1:1 mean motion resonance" (MMR). (We speak of 1:1 resonance when two planets orbit the sun with the same mean semi-major axis. The most popular example in our solar System is the Sun-Jupiter system, where numerous asteroids librate around the triangular Lagrangian points L 4 and L 5 .) Nauenberg (2002) found a stable configuration for motions in the 1:1 resonance, where the more massive planet has an almost circular orbit, while the smaller body has a high eccentric orbit. Further investigations of the Trojan configuration focused on Trojan planets in the HZ (Érdi and Sán-dor, 2004) and Trojan planets in low eccentric orbits (Dvorak et al., 2004) . Our interests are centered on Trojan planets in the 1:1 MMR with a GG that moves fully in the HZ. The main goal was to see how many orbits (of the Trojan planets) of the stable region are fully in the HZ after the calculation. These stable orbits are a main requirement for a possible formation of life. Laughlin and Chambers (2002) considered the possibility of two planets in a 1:1 MMR as a result of an interaction with the protoplanetary accretion disc.
We emphasize that the discussion of habitable regions around a host star is an interdisciplinary one: Astrophysics is involved because the spectral type and age of the host star define the HZ (e.g., Lammer et al., 2003) , atmospheric chemistry is fundamental when considering planetary habitability (e.g., Kasting et al., 1993) , and astrodynamics is important with regard to the determination of orbital stability.
NUMERICAL SETUP
More than 120 extrasolar planetary systems have been discovered (The Extrasolar Planets Encyclopedia at http://www.obspm.fr/encycl/ encycl.html, maintained by Jean Schneider), but only 11 systems have a giant planet in the HZ, a feature that depends on the spectral type of the star (Table 1) . With respect to the requirement that a planet stay in the HZ during the calculations, we picked the following four systems: HD28185, HD17051, HD108874, and HD27442 (in Table 1 , the selected systems are italicized).
To investigate the size of the stability region, we used direct numerical integrations of the equation of motion. The integration was carried out with the Lie integration method, which uses 
T1
Ȩ an adaptive step size (Hanslmeier and Dvorak, 1984; Lichtenegger, 1984) .
The computations were carried out using the dynamical model of the elliptic restricted threebody problem that consists of a central star, a GG, and a hypothetical (massless) terrestrial planet.
The integration time was 10 6 years, and the two primaries were always started in their periastron position. For the terrestrial Trojan planets we have taken the following initial conditions: The semi-major axis of the massless terrestrial planet (starting at the fixed semi-major axis of the GG) was computed for a grid with a step size of ⌬a ϭ 0.003 AU. Also, the eccentricity was fixed at the value of the GG, and the inclination was set to be 0. For the synodic longitude of the massless planet, we chose a range from 20°Ͻ ␣ Ͻ 140°w ith a grid size of ⌬␣ ϭ 2°. The longitude node was set to 0, and the argument of the pericenter has the same value as that of the GG (see Table  1 ). During the integration time, the largest value of the eccentricity of the massless planet was determined [a procedure also called the maximum eccentricity method ϭ (MEM)]. The massless HYPOTHETICAL TERRESTRIAL TROJANS 585 planet is hereafter referred to as the hypothetical Trojan.
PREPARATIONS FOR THE CALCULATIONS
Before we started the calculations, we had to decide which systems have stable motion. Many investigations of the elliptic restricted three-body problem have been done, e.g., Rabe (1967) and Lohinger and Dvorak (1993) , who considered the stability of the Lagrangian points, which depend on the eccentricity of the orbit and the mass ratio of the primaries (as shown in Fig. 2 ). Furthermore, a study by Marchal (1991) addressed the general three-body problem (when m 3 Ͼ 0). These results were used to determine whether the Trojan planets are in the stable region. This is shown in Table  1 , where the mass of the Trojan planet (m 3 ) is equal to 1 Earth mass.
We defined the mass parameter R as:
rather than using the mass ratio equation, which had been used in the elliptic restricted three-body problem (Marchal, 1991) . Figures 2 and 3 show that all four of the selected extrasolar systems lie within the zone of stable motion. Only HD141937, which has a planet 9.7 times greater than Jupiter mass, could display unstable motion. Consequently, all planetary systems with one planet in the HZ could have stable Lagrangian points (L 4 and L 5 ). Additionally, Fig. 3 illustrates how the position of the fictitious Trojan planet depends upon its mass. We determined that even for a very massive body (of Jupiter size, as shown in Fig. 3) , which is not of concern in terms of the problem we addressed here, the triangular equilibrium point would be stable. As shown in Fig.  3 , the differences between Jupiter-mass Trojans and Earth-mass Trojans are minimal. Therefore, the difference in stability between Earth mass and massless Trojans was disregarded. Thus, we calculated the further investigations of massless bodies. We concluded that orbits of hypothetical Trojan planets with a small initial R and e are stable. This stability analysis does not reveal the nature of the extension of the stable region around the equilibrium points, information that requires numerical simulations for each extrasolar system under consideration (Table 1) , as shown in the next section.
RESULTS
The system HD17051 is a G0V star of approximately 1 solar mass (1.03), which hosts a GG of 
F2
Ȥ F3 Ȥ 1.94 Jupiter masses (M Jupiter ) that revolves around its sun in an eccentric orbit (e ϭ 0.24) with a semimajor axis of a ϭ 0.91 AU. During the simulation, the semi-major axis was varied from 0.96 AU to 0.86 AU, and the synodic longitude (the difference between the mean longitude of the hypothetical Trojan planet and the GG) moved from 20°to 110°(initial conditions; see also Table 1 ). A numerical simulation for this system was calculated for four different periods-10 2 , 10 3 , 10 4 , and 10 6 years-to determine how the stability region shrinks as a function of time (Table 2) . To determine the number of stable orbits, it was necessary to calculate the value of e max after 10 6 years (the new e max ranged from 0.4 to 0.5) ( Table 3) . By using the new e max we could set the upper limit for the Trojan's eccentricity so that it lies within the stable region of the system. We concluded from our simulation that the size of the stability region did not vary during a computation time of 10 4 years. However, there was no difference for the simulation between 10 4 and 10 6 years. Therefore, we used the smaller time period (10 4 years) when calculating additional simulations. By considering the actual orbit (see http:// exoplanets.org/esp/hd17051/hd17051.shtml) of HD17051 the eccentricity indicated that it would have changed from 0.16 to 0.24 over the past 10 4 years. By calculating the initial eccentricity (e ini ) of the GG, we were able to illustrate how the structure of the stable region became larger with time (Fig. 4) . The relative position of HD17051 within the stability region of the G0V star was computed for three different values: 0.24 the actual value, 0.17 the older value, and 0.1 the fictitious value of e ini . The results for different values of e ini showed that for the lowest e ini (0.1) the stable domain was 6.7 times larger than for e ini ϭ 0.24, which explains the stable region shift out of the HZ, as shown in Table 2 . Our calculations also revealed that the e max of the stable region was twice as large as that of the e ini (Table 2) , a result that illustrates how the size of the stable region and the value of e max depends on e ini .
HD27442 is a K2IVa star with 1.2 solar masses. The GG (Table 3) of the system, with a mass of 1.28 M Jupiter , orbits the central star at a ϭ 1.18 AU on an almost circular orbit (e ϭ 0.07). The orbital behavior of this system was also calculated for two different times: 10 4 years and 10 6 years. The MEM results for 10 4 years, a ring-like structure with a maximum eccentricity (e max ) of the orbits around L 4 close to the equilibrium point, are shown in Fig. 5 . The ring-like structure disappeared after a calculation time of 1 Myr, as shown in Fig. 5 , though the stable region was still large and extended from 40°Ͻ ␣ Ͻ 120°(⌬␣ ϭ 2°) and in the semi-major axis from 1.14 AU Յ a Ͻ 1.23 AU (⌬a ϭ 0.003AU). No significant reduction of the stability region was observed when we in-HYPOTHETICAL TERRESTRIAL TROJANS 587 
F5
Ȩ creased the calculation time from 10 4 years to 10 6 years: The number of stable orbits changed from 995 (of 2,000 calculated) at 10 4 years to 926 at 10 6 years. Table 3 shows the fraction of the dynamically stable region that lies within the HZ after a calculation time of 10 6 years. HD27442 remains in a stable orbital zone within the HZ even though the star left the main sequence (as indicated by its spectral type). The dark region is the most stable, whereas the light region indicates chaotic motion.
